Current proposals for the characterization of extrasolar terrestrial planets rest primarily on the use of spectroscopic techniques. While spectroscopy is effective in detecting the gaseous components of a planet's atmosphere, it provides no way of detecting the presence of liquid water, the defining characteristic of a habitable planet. In this paper, I investigate the potential of an alternative technique for characterizing the atmosphere of a planet using polarization. By looking for a polarization peak at the "primary rainbow" scattering angle, it is possible to detect the presence of liquid droplets in a planet's atmosphere and constrain the nature of the liquid through its refractive index. Single scattering calculations are presented to show that a well-defined rainbow scattering peak is present over the full range of likely cloud droplet sizes and clearly distinguishes the presence of liquid droplets from solid particles such as ice or dust. Rainbow scattering has been used in the past to determine the nature of the cloud droplets in the Venus atmosphere and by the POLarization and Directionality of Earth Reflectances (POLDER) instrument to distinguish between liquid and ice clouds in the Earth atmosphere. While the presence of liquid water clouds does not guarantee the presence of water at the surface, this technique could complement spectroscopic techniques for characterizing the atmospheres of potential habitable planets. The disk-integrated rainbow peak for Earth is estimated to be at a degree of polarization of 12.7% or 15.5% for two different cloud cover scenarios. The observation of this rainbow peak is shown to be feasible with the proposed Terrestrial Planet Finder Coronograph mission in similar total integration times to those required for spectroscopic characterization.
INTRODUCTION T
HE DETECTION AND CHARACTERIZATION of extrasolar terrestrial planets are the goal of a number of proposed space missions, including the NASA Terrestrial Planet Finders (TPFs) [TPF Coronagraph (TPF-C) and TPF Interferometer (TPF-I)] and the ESA Darwin mission. TPF-I and Darwin are thermal infrared interferometers that use a number of telescopes orbiting in formation and employing the nulling interferometer concept originally suggested by Bracewell (1978) . TPF-C is a single visible light telescope that uses a coronagraph. In all cases, the aim of the mis-sions is to detect extrasolar terrestrial planets, characterize them, and search for biosignatures. The characterization is carried out by means of spectroscopy.
In this paper, I will review some of the limitations of spectroscopy as a method of characterizing extrasolar terrestrial planets and discuss the possibility of alternative and complementary approaches. In particular, I consider the issue of how well such techniques can detect the presence of liquid water, the defining characteristic of a habitable planet (Hart, 1979; Kasting et al., 1993) . A habitable planet cannot be recognized simply by its location in the "habitable zone" of a star. The edges of the habitable zone are not well defined and depend on assumptions about the evolution of planetary atmospheres and, hence, the amount of greenhouse heating that will occur. Ideally we need direct observations to characterize the planet's atmosphere and detect habitable conditions.
Spectroscopic techniques cannot detect liquid water on a planet. Spectroscopy, particularly at the low resolution and signal-to-noise ratio that will be feasible on such faint objects, is primarily sensitive to the gaseous components of an atmosphere and not to liquid and solid components that may be present in the atmosphere as clouds and aerosols. The best evidence for a habitable planet, by way of TPF-I or Darwin, would be the simultaneous detection of water vapor bands and a temperature measurement, which would indicate a suitable temperature for liquid water (Des Marais et al., 2002) . The temperature could be measured from the spectral shape in the thermal infrared region, but this may be problematic in practice in view of the strong molecular absorption bands in this region. In the visible region, water vapor can be detected in the spectrum, but there is no way of measuring the temperature.
There is, however, a technique that is directly sensitive to the presence of liquid droplets in a planet's atmosphere. This is the use of polarization observations as a function of phase angle. Spherical particles (and only liquid droplets are likely to be spherical in natural conditions) produce a strongly polarized peak in scattering at the "primary rainbow" scattering angle (about 139°for water). The feasibility of using this "rainbow scattering" technique as a means of detecting liquid water clouds in a planet's atmosphere is assessed.
Polarization has been used to attempt to detect the scattered light from "hot Jupiter" type extrasolar planets Lucas et al., 2006) and has been suggested as a possible means of detection and characterization of planets with large ground-based telescopes using adaptive optics (Saar and Seager, 2003; Gisler et al., 2004; Schmid et al., 2006) . However, the specific information that can be obtained from the rainbow feature does not seem to have been fully investigated so far.
The paper is organized as follows. First I will discuss the properties of rainbows, and present a series of single scattering calculations of rainbow scattering over a range of particle sizes, shapes, and refractive indices. These results will demonstrate that rainbow scattering is present over the full range of likely cloud droplet sizes and is a strong indicator of liquid droplets. They will also demonstrate that the polarization properties can be used to determine the refractive index and, hence, constrain the nature of the scattering liquid, as well as determine the droplet size. The next section will discuss rainbow scattering in the context of more realistic multiple scattering atmospheres and show how rainbow scattering has been successfully used to determine the nature of liquid droplets in the Venus atmosphere and distinguish liquid droplet clouds from ice clouds in the Earth atmosphere. Then I will discuss the feasibility of observing rainbow scattering in extrasolar terrestrial planets in the context of missions such as TPF-C.
RAINBOWS

Rainbows in ray optics
The formation of a primary rainbow can be understood in the context of ray optics as resulting from light that is internally reflected once inside a spherical liquid droplet (e.g., Lynch and Livingston, 2001; Adam, 2002) .
If x ϭ (b/a) is the impact parameter b (i.e., the minimum distance of the light ray from the droplet center if it was undeflected) normalized by the droplet radius a, then the resulting scattering angle of the light is given by (Adam, 2002) :
where n is the refractive index of the liquid. The scattering angle varies with impact parameter, but the brightest part of the rainbow is a caustic
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occurring at the minimum scattering angle, and this occurs at:
For water, the resulting scattering angle is about 139°(for blue light), which gives a rainbow with a semivertex angle of 41°about the anti-solar point. Light that internally reflects twice inside a droplet gives a secondary rainbow at a scattering angle of about 128°. The region between the primary and secondary rainbows is dark (Alexander's dark band), but some light is scattered into angles inside the primary rainbow and outside the secondary rainbow. Figure 1 shows the variation of primary rainbow scattering angle with refractive index derived from Eqs. 1 and 2. This variation of scattering angle with refractive index gives rise to the familiar colors of the rainbow since the refractive index of water varies from about 1.344 at 400 nm to 1.329 at 800 nm, which gives a range of scattering angles from 139.5°to 137.4°. It also means that different scattering liquids will give rise to different rainbow angles. Liquid droplet clouds, and probably rain, are known to occur in the atmospheres of Venus and Titan as well as Earth.
On Venus, the liquid is sulfuric acid (about 75% H 2 SO 4 to 25% H 2 O) with a refractive index of 1.44 (Hansen and Hovenier, 1974) , whereas on Titan, it is liquid methane at a temperature of ϳ100K, which has a refractive index of 1.29 (Badoz et al., 1992) .
The light of the rainbow is highly polarized in a direction perpendicular to the scattering plane. This arises because the angle of incidence within the drop is close to the Brewster angle, at which light with parallel polarization is fully transmitted, but light with perpendicular polarization is partially reflected. For water, the primary rainbow has a polarization of about 96% and the secondary rainbow about 90% for large droplets (Adam, 2002) .
Rainbows in Lorenz-Mie theory
The familiar brightly colored rainbows arise from water droplets with a size of 1 mm or larger. However, the rainbow scattering phenomenon persists for much smaller droplets. As the droplets become smaller, diffraction effects broaden the scattering peak (as a function of scattering angle), and this means that rainbows from small droplets (fogbows or cloudbows) no longer show distinct colors. Nevertheless, there is still a strong, highly polarized scattering peak at the primary rainbow angle. It is the ability to observe rainbow scattering from cloud droplets that makes rainbow scattering a feasible technique for studying extrasolar planets.
The rainbow scattering from small particles can be best studied using Lorenz-Mie scattering theory. To investigate the rainbow properties, I have carried out a series of calculations of the normalized scattering matrix F ij (Mishchenko et al., 2002, Eq. 4 .51) for a size distribution of spherical droplets. The calculations used the code of Mishchenko et al. (2002, section 5.10 ). The size distribution of spherical droplets is specified using the power-law distribution of Hansen and Travis (1974) :
As described by Mishchenko et al. (1997) , the values of r 1 and r 2 can be expressed in terms of the cross-section-area weighted effective radius r eff and effective variance eff . The components of the normalized scattering matrix describe the intensity and polarization of the light as a function of scattering angle. F 11 is the phase function, which describes the angular distribution of the total intensity of the scattered light. F 12 similarly describes the angular distribution of the linearly polarized light. F 12 /F 11 gives the fractional linear polarization of the single scattered light. Both F 11 and F 12 are dimensionless. Figure 2 shows the phase function for scattering from droplets with r eff ϭ 200 m, a wavelength of 0.4 m, and two different size distributions. The lower plot has a very narrow size distribution ( eff ϭ 0.001), and the upper plot has a more realistic size distribution with eff ϭ 0.1. The main features of the rainbow are clearly illustrated here. The primary rainbow and secondary rainbow peaks are separated by Alexander's dark band. Inside the primary rainbow (i.e., at higher scattering angles) are a series of peaks known as the supernumary bows. The spacing of these peaks is dependent on droplet size, so they are only seen clearly for a narrow size distribution, and are smoothed out with the broader distribution. Figure 3 shows how rainbow scattering varies with particle size. The phase function (F 11 ) and polarized intensity (F 12 ) are plotted as a function of scattering angle. In these and the subsequent plots, F 11 and F 12 are plotted on the same scale, so the fact that the rainbow peaks in phase function and polarized intensity reach similar heights indicates that the light is highly polarized. It can be seen that with smaller particle sizes the rainbow peak broadens and shifts to large scattering angles. Features near 180°scattering angle correspond to another scattering phenomenon known as the "glory." At very small particle sizes (ϳ10 m and less), the rainbow and glory tend to join together in the phase function, and there is no longer a clearly defined edge to the rainbow peak at large scattering angles. However, in polarization the rainbow peak is better defined and can still be seen down to 1 m particle sizes, though it becomes very broad and shifted.
Effect of particle size
The calculations here are for a wavelength of 0.4 m. Since scattering properties are primarily determined by the size parameter, however, these results can be scaled for other wavelengths. The spacing of the supernumary bows depends on particle size, so these are smoothed out with the broad particle size distribution.
ties as 5 m particles at 0.4 m (apart from the effects of the small change in refractive index with wavelength that will shift the peak). Remote sensing measurements of liquid water cloud particles in the Earth atmosphere give effective radii ranging from about 3 m to 30 m with a global mean value of 11.4 m (Nakajima et al., 1991; Han et al., 1994) . The size of cloud particles in Titan's atmosphere is not well determined, but it is believed that the supersaturation of the atmosphere and lack of nucleation sites will cause rapid growth to large sizes (Lorenz et al., 1993; Griffith et al., 2000) . Venus cloud particles in the upper cloud layer show a bimodal size distribution with sizes around 0.6 m and 2 m (Esposito et al., 1983) . While this is near the lower size limit for rainbow scattering, rainbows are nevertheless clearly observed from Venus, as will be described later.
Thus it is reasonable to believe that rainbow scattering could be expected to occur for most liquid droplet clouds that might be encountered in extrasolar planet atmospheres. In addition, the change in width, and shift, of the rainbow peak with particle size means that an estimate of the particle size can be made from observations of the phase variation of polarization. Figure 4 compares the rainbow scattering properties of the three different liquids known to form liquid droplet clouds in the solar system as described earlier. The calculations are for particles with effective radius 5 m and effective variance 0.1. It can be seen that the difference in the scattering angle of the primary rainbow clearly separates these three liquids. Thus a measure of the scattering angle of the rainbow peak provides a measure of the refractive index of the liquid responsible. This cannot be considered, on its own, a definitive detection of liquid water, since there are other liquids with similar refractive index. However, in conjunction with other evidence, such as spectroscopic detection of water vapor, it could provide a strong argument that the rainbow was in fact due to liquid water. 
Effect of refractive index
FIG. 5. T-matrix computations
showing the effect of particle shape on rainbow scattering. The phase function and polarized intensity for a size distribution of particles with effective radius (of the equivalent surface area sphere) 5 m and effective variance 0.1 at a wavelength of 0.4 m are plotted. The refractive index is that of water. The particles are spherical (top plot), and then randomly oriented prolate spheroidal particles of different axis ratios. The strong rainbow scattering peak shown by spherical particles becomes much smaller at an axis ratio of 0.9, and largely disappears for even smaller axis ratios.
Effect of particle shape
Figures 5 and 6 show the effect of particle shape on rainbow scattering. The scattering properties of nonspherical particles are derived using the Tmatrix method (Waterman, 1971) . The code used here calculates the scattering properties of a size distribution of randomly oriented axially symmetric particles (Mishchenko, 1991; Mishchenko and Travis, 1994; Wielaard et al., 1997) . The same size distributions are used as for spherical particles. For nonspherical particles, the radius used is that of the equivalent surface-area sphere.
In Fig. 5 , the rainbow scattering of spherical water droplets with effective radius 5 m and effective variance 0.1 at a wavelength of 0.4 m is compared with that of randomly oriented prolate spheroids with axis ratios of 0.9, 0.8, and 0.7. It can be seen that as the particles depart from sphericity, the rainbow peak rapidly decreases in size. Figure 6 is a similar comparison but with three different particle shapes: a prolate spheroid (as in Fig. 5 ), an oblate spheroid with axis ratio 1.2, and a cylindrical particle with length equal to its diameter.
These results show clearly that only spherical particles or particles very close to sphericity will produce a clearly defined rainbow peak.
Effect of absorption
All the previous calculations have assumed nonabsorbing particles (i.e., zero imaginary refractive index k). This is a good assumption for water in the visible wavelength range where k Ͻ 10 Ϫ6 (Kou et al., 1993; Pope and Fry, 1997) . the imaginary refractive index is varied from 0 to 0.008. As the absorption increases the size of the rainbow peak decreases. At k ϭ 0.002 it has dropped by about 50% and has largely disappeared by k ϭ 0.008. This means that the polarized flux spectrum of the rainbow scattered light will contain spectral features of the liquid causing the scattering. In principle, this provides a way of more definitively identifying the liquid than is possible from the real refractive index alone. Liquid water has an absorption feature at about 1.95 m at which k reaches 0.002 (Kou et al., 1993) . This might, in principle, be observable, but it would be outside the spectral range and beyond the sensitivity of TPF for an Earth-like planet. Absorption features at visible wavelengths are far too weak to be detectable.
Summary of rainbow properties
To summarize the results so far:
• Rainbows are produced by scattering from spherical particles.
• A rainbow scattering peak is present for particle sizes down to about 1 m for 0.4 m wavelength.
• The rainbow scattering peak broadens and shifts to higher scattering angles for very small particles.
• Rainbows are highly polarized, and for small particles they are better defined in polarized intensity than in total intensity. • The scattering angle of the peak rainbow intensity is a measure of the refractive index of the liquid.
• A small departure of the particle from sphericity inhibits the production of a rainbow.
• A small absorption (imaginary refractive index) inhibits the production of a rainbow.
These properties mean that rainbows are strong indicators of liquid droplet clouds. Small liquid droplets are naturally spherical, since surface tension is the dominant force controlling their shape.
Scattering from solid particles in an atmosphere is very unlikely to result in a rainbow, since small size, nonsphericity, absorption, or a combination of these is likely to prevent the occurrence of rainbow scattering. Mineral dust aerosols on Earth are found to have irregular shapes with typical axis ratios of ϳ1.7 (Okada et al., 1987; Nakajima et al., 1989) . Sulfate aerosols are generally submicron particles and, therefore, too small to form a rainbow. Ice crystals in cirrus clouds have highly nonspherical shapes. Martian atmospheric dust has been found to have effective radius ϳ1.6 m and imaginary refractive index k from ϳ0.005 at 965 nm to ϳ0.015 at 443 nm (Tomasko et al., 1999) . These properties would exclude a significant rainbow even if the particles were spherical, which is unlikely to be the case.
RAINBOWS IN MULTIPLE-SCATTERING ATMOSPHERES
The results presented so far are single-scattering calculations. These show a large degree of polarization (ϳ90%) in the rainbow peak. Realistic multiple-scattering atmospheres will not show polarizations this large. To investigate the feasibility of observing rainbows in extrasolar terrestrial planets, we need to determine the size of the rainbow peak in multiple-scattering atmospheres. This can be done by looking at the results of both models and observations.
Multiple-scattering models
In general, the effect of multiple scattering is to suppress polarization, so in a realistic atmosphere the polarized intensity will be dominated by photons that are single-scattered from the top layers of the clouds. A consequence of this is that the shape of the polarized intensity curve calculated for single scattering (as in the previous section) is very similar to what is actually seen from a multiple-scattering atmosphere, in contrast to the situation for total intensity. The additional multiple-scattered light will add unpolarized light that will dilute the polarization and reduce the size of the rainbow peak in the total intensity curve. Hence, in a realistic atmosphere polarization becomes by far the best indicator of rainbow scattering.
Multiple-scattering models of cloud reflectance including polarization have been presented by Hansen (1971) and by Goloub et al. (1994) . Hansen (1971) showed rainbow peaks with degrees of polarization up to ϳ20% at near-infrared wavelengths. The height of the peak decreases as the cloud optical thickness increases. Goloub et al. (1994) showed that the polarization behavior of BAILEYthe rainbow peak is better defined if polarized reflectance, rather than degree of polarization, is considered. At a wavelength of 850 nm the polarized reflectance of the rainbow peak reaches a constant value of about 7% for any cloud optical thickness greater than about 1. The total reflectance, however, increases with cloud optical thickness varying from about 30% to 55%. The degree of polarization at the rainbow peak, therefore, ranged from ϳ13% to ϳ23%.
Observations of Venus
Venus is a planet with liquid droplet clouds that can be observed through its full range of phase angles from Earth. Polarization observations played an important part in establishing the nature of its clouds. The polarization of Venus was first observed by Lyot (1929) and later studied by Coffeen and Gehrels (1969) , Dollfus and Coffeen (1971) , Veverka (1971) , and others. Hansen and Arking (1971) used an initial analysis of some of the polarization data to determine that the polarization was consistent with scattering from cloud particles with a radius of about 1 m and refractive index 1.45 Ϯ 0.02. These results, together with infrared reflectance measurements, led to the independent suggestions by Sill (1972) , Young (1973) , and Pollack et al. (1974) that the Venus clouds were composed of a water solution of sulfuric acid containing at least 75% H 2 SO 4 .
The definitive analysis of the polarization of Venus was carried out by Hansen and Hovenier (1974) . By fitting multiple scattering models to polarization observations at a range of wavelengths, they were able to determine that the cloud particles were spherical droplets with an effective radius of 1.05 m and refractive index 1.44 Ϯ 0.015 at 0.55 m. Of many substances previously proposed only sulfuric acid was consistent with the observations. The cloud top pressure was found to be ϳ50 mbar. These results have been essentially confirmed by in situ spacecraft observations, though the size distribution is now known to be more complex than the single size fitted by Hansen and Hovenier (1974) .
Because of the large refractive index of sulfuric acid and the small particle size, the primary rainbow was only seen at the shortest wavelengths and found at much larger scattering angles than normally seen for water clouds. The rainbow peak reaches a degree of polarization of ϳ10% at 0.365 m, ϳ6% at 0.445 m, and ϳ2.5% at 0.55 m. The rainbow peak position provided an important constraint on refractive index, which helped to identify the cloud particles as sulfuric acid. Other polarization features such as the glory, anomalous diffraction feature, and Rayleigh scattering are also present.
POLarization and Directionality of Earth Reflectances (POLDER) observations of clouds
The POLDER instrument (Leroy and Lifermann, 2000) , developed by the French space agency CNES, flew on the Japanese ADEOS satellite. POLDER measured the angular dependence of the total and polarized reflectance of the Earth from an altitude of 800 km. POLDER uses the polarization measurements to characterize clouds and, in particular, the presence of a rainbow peak in polarized reflectance at ϳ140°scattering angle to distinguish liquid water clouds from ice clouds (Parol et al., 1999; Goloub et al., 2000) .
The POLDER results confirm that rainbow scattering polarization is observable from clouds in the Earth atmosphere and is a practical tool for detecting liquid water. POLDER also uses Rayleigh scattering polarization as a means by which to determine the cloud-top pressure. The observed polarized reflectances are in reasonable agreement with models (e.g., Goloub et al., 1994) .
Disk-integrated polarization signature of the Earth
A rough estimate of the size of the expected rainbow polarization signature for the disk-integrated Earth can be made as follows. From Goloub et al. (1994) the polarized reflectance at the rainbow peak from liquid water clouds is about 7%, and this seems to be in good agreement with observations made with POLDER (e.g., Parol et al., 1999) . Results of the International Satellite Cloud Climatology Project (ISCCP) give a global mean cloud cover of 67.6% (Rossow and Schiffer, 1999) . According to ISCCP, this cloud is roughly half liquid water cloud and half ice cloud. However, results from POLDER measurements in February 1997 give 70% liquid clouds and 30% ice clouds (Goloub et al., 2000) . Since POLDER directly uses the rainbow polarization signature to detect liquid clouds, these results may be most relevant for our purposes. The total reflectance from liquid cloud, ice cloud, and clear regions has been taken from models used by Tinetti et al. (2006, Fig. 8 ) to fit the Earthshine observations of Woolf et al. (2002) . These results give reflectances in the visible (0.5-0.8 m) of ϳ26% for liquid clouds, ϳ14% for ice clouds, and ϳ6% for clear sky. However, these are for a scattering angle of about 118°appropriate to the Earthshine observations. At the rainbow scattering angle of ϳ142°, the liquid cloud reflectance will be significantly higher. From the cloud reflectance as a function of scattering angle given by Goloub et al. (1994) , we estimate that this will increase the liquid cloud reflectance to ϳ35%. The ice cloud and clear sky values have been used unchanged. Cirrus cloud phase functions show little variation with scattering angle over this range (Baran et al., 2003) . The results are summarized in Table 1 .
Zero polarized reflectance is assumed for the ice cloud and clear sky cases. (For the moment other polarization sources such as Rayleigh scattering and ice scattering are ignored. They will contribute some polarization, but POLDER observations show that these contributions are small, and the rainbow peak will clearly stand out in a plot of polarization against scattering angle.) The disk-integrated degree of polarization at the rainbow scattering peak can then be calculated by combining the total and polarized reflectances weighted by their fractions of the global surface area. This gives a polarization of 15.5% using the POLDER cloud phase fractions, and 12.7% using the ISCCP cloud phase fractions. An Earth completely covered by liquid water clouds would have a peak rainbow polarization of 20% under the same assumptions. The peak polarization should not vary much over the 0.5-0.8 m wavelength range, as both the total reflectances (Tinetti et al., 2006) and the size of the rainbow peak (Fig.  3) do not vary strongly with wavelength. At shorter wavelengths, Rayleigh scattering will become significant and cause further dilution that will reduce the height of the rainbow peak.
Other polarization features
While this paper concentrates on the polarization due to the rainbow, there are other polarization features from terrestrial planets that can be useful in helping to characterize their atmospheres. In particular, there will be Rayleigh scattering from atmospheric molecules. This will produce a polarization that will peak at a 90°s cattering angle and will increase to the blue. The Rayleigh polarization is used by POLDER and in the Venus study described earlier to determine the atmospheric pressure at the cloud top. It can be used in the same way for extrasolar terrestrial planets. Rayleigh scattering provides a good measurement of pressure since all gases contribute to Rayleigh scattering. Pressure cannot easily be estimated from spectra alone, since some potentially important atmospheric constituents, such as N 2 , have no absorption features in the TPF ranges (and CO 2 has no strong features in the TPF-C wavelength range). Without a pressure estimate, however, it is difficult to quantitatively interpret the observed absorption features in the spectrum, since for saturated lines (and most features strong enough to be detected with TPF are likely to have saturated lines), the observed band strength depends on the amount of pressure broadening as well as on the column density of the absorber. While Rayleigh scattering may be detectable in the intensity spectrum as a rise to blue wavelengths, its polarization signature would provide a much more definitive measurement.
Polarization will also arise from scattering due to solid particles in the atmosphere such as ice or dust. While these do not produce rainbows, the variation of polarization with phase angle may still provide valuable information that will help to constrain particle composition and size.
Limitations
The techniques described here tell us about conditions at the planet's cloud top. The detection of liquid water at the cloud top does not necessarily imply that the planet will have habitable conditions at its surface. On Venus, for example, the conditions at the surface are very different from those at the cloud top. This limitation is in-BAILEY 328 A weighted combination of the reflectances gives a degree of polarization at the rainbow peak of 15.5% for the POLDER cloud phase fractions and 12.7% for the ISCCP cloud phase fractions. herent in TPF-type missions that work at wavelengths that cannot penetrate the clouds.
However, polarimetric observations would help to distinguish a Venus-like planet from an abiotic cloudy Earth, since the Venus sulfuric acids clouds give a very different polarization signature to water clouds on Earth. The Venus rainbow, which occurs at high phase angle and is limited to short wavelengths, would be hard to detect with TPF-C sensitivities. Such a planet would, therefore, come up negative in a search for water rainbow scattering. At higher sensitivity, it might be possible to detect the sulfuric acid rainbow and determine the true nature of the clouds.
FEASIBILITY OF OBSERVING RAINBOWS IN EXTRASOLAR TERRESTRIAL PLANETS
From the previous section, we estimate that a terrestrial planet with liquid water clouds should show a well-defined peak in polarization at about scattering angle 140°(phase angle 40°) with degree of linear polarization reaching 10-20% at the peak. Detection of such a peak would require polarization measurements covering a range of phase angle around the peak (say, 30-50°).
The first requirement is that we must be able to observe the planet at the required phase angles. This will not always be possible, as planets with face-on orbits will never reach these phase angles. To reach the 40°phase angle, the orbital inclination needs to be at least 50°, and to reach the 30°phase angle, at least 60°.
For randomly oriented orbits, the probability of an inclination greater than i is equal to cos i. Thus, 64% of systems would reach the rainbow phase angle, and 50% of systems would reach 30°p hase angle and, thus, allow us to observe both sides of the rainbow peak. If, however, any prior selection of systems is carried out based on previous detection of planets using Doppler or transit techniques, then the fraction could be much higher, as these detection techniques are biased toward finding planets at high inclinations.
Another issue is that observing a planet at the rainbow phase angle requires observations at less than its maximum separation from the star. For a circular orbit, the maximum separation from the star occurs at phase angle 90°. To observe the primary rainbow, the planet has to be observed at a separation smaller by a factor sin for phase angle . Thus, the separation from the star will be 0.64 of its maximum at 40°phase angle and 0.5 of its maximum at 30°. If the instrument has a minimum angle from the star at which it can operate, this may limit the number of planets for which such observations are possible.
In cases where such observations are possible, however, there are considerable advantages in observing planets at these phase angles. Figure 8 shows the light curve of Venus (Mallama et al., 2006) . The data are corrected to a constant distance of 1 astronomical unit and then normalized to a value of 1 at full phase. The variation with phase is a combination of the change in illuminated area of the disk, together with the angular dependence of scattering from clouds. The planet is 2.6 times brighter at the 40°water rainbow phase angle than at a phase angle of 90°. Scattering from clouds on earth shows a similar increase in brightness with phase angle (Goloub et al., 2004) . Such a phase angle may well be close to optimum for any characterization observations of these planets, being a good compromise between the increasing brightness of the planet at smaller
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FIG. 8. Polynomial fit to photometry of the planet Venus, corrected to a constant distance of 1 astronomical unit, and normalized to one at full phase. At the water primary rainbow phase angle (ϳ40°) the planet is 2.6 times brighter than it is at 90°phase angle (corresponding to maximum separation from the star for an extrasolar planet).
phase angles and the decreasing separation from the star. Any characterization observations of extrasolar terrestrial planets are going to be challenging in view of the extreme faintness of the planets, and are likely to require very long integrations. However, an advantage of polarimetry over spectroscopy is that broad wavelength band observations can be used, as the rainbow peak should persist over a wide wavelength range. To detect polarization peaks with heights of ϳ10-20%, polarization measurements to an accuracy of about 2% would be needed. In the photon-noise limited case, this requires detection of ϳ2,500 photons over the broad band. To detect the peak, observations at about six carefully chosen phase angles would be needed. Thus, a total of 15,000 photons are needed. This can be compared with requirements for spectroscopic characterization. Detection of the spectral features in the visible would require observations with a spectral resolving power R ϳ100 and a signal-to-noise ratio of about 20. This gives 46 spectral resolution elements over a 0.5-0.8 m wavelength range, and 400 photons required in each element, a total of ϳ18,000 photons. Thus, the photon requirement and, hence, total integration time for polarimetric characterization and spectroscopic characterization are about the same.
However, there is no need to make separate polarization and spectroscopic observations. An appropriately designed instrument could measure the polarization in each wavelength bin and combine the data to give broad-band polarization as a function of phase angle, as well as the combined spectrum. In this way, polarization and spectroscopic data could be obtained with minimal increases in the total integration time compared with just obtaining the spectroscopic data.
The design of the TPF-C optical system (Dooley and Lawson, 2005) seems to allow relatively straightforward incorporation of polarimetry, since it uses a polarizing beamsplitter followed by two identical light paths each of which contain a wavefront corrector and coronograph. The use of identical instruments on each beam, combined with careful calibration, may be sufficient to obtain the polarization measurements. This would mean that no further beam splitting or additional detectors would be needed. TPF-C uses an off-axis optical system, and this will introduce some telescope polarization. It should be straightforward to correct for this, however, given that the polarimetric precision required for rainbow detection (ϳ1%) is relatively undemanding [polarization measurement to parts in 10 6 are being achieved in ground-based astronomy ]. A further important issue will be the background exozodiacal light. This will also be polarized, and therefore accurate background subtraction will be essential.
CONCLUSIONS
Scattering from liquid droplet clouds in a planet's atmosphere produces a strongly polarized peak at the rainbow scattering angle (about 140°for liquid water). The presence of such a peak is a strong indicator of liquid clouds, and the scattering angle of the peak polarization is dependent on the refractive index and, thus, constrains the nature of the liquid. No such peak is likely to occur for solid scattering particles such as aerosols or ice clouds. Observations of the rainbow feature, and other polarization effects, could complement spectroscopic observations and improve our capability to characterize the atmospheres of extrasolar terrestrial planets.
The disk-integrated degree of polarization at the rainbow peak, at visible wavelengths, is estimated to be 12.7% or 15.5% for two models of the Earth's cloud cover, and would be about 20% for an Earth totally covered with liquid water cloud.
The polarization signal could be measured with a telescope such as TPF-C in similar total integration times to those required for spectroscopic characterization. Since spectroscopy and polarimetry could be obtained simultaneously with the same instrument, this additional information could be obtained with minimal additional integration time compared with purely spectroscopic characterization.
Polarization needs to be included in future multiple-scattering models of extrasolar planet atmospheres in that it will allow improved calculations of the size of the rainbow peak and other polarization phenomena. 
